Background {#Sec1}
==========

Dairy products are well known for vital nutrients providing high quality protein and energy in human diet \[[@CR1]--[@CR3]\]. The most important economic traits of milk production in dairy cattle include milk yield, fat and protein yield, and fat and protein percentage \[[@CR4]\]. Milk fat contains a lot of fatty acids composed of saturated fatty acid (SFA) and unsaturated fatty acid (UFA), and it determines the physiological and sensory properties of the milk \[[@CR5]\]. SFA increases the risk of cardiovascular diseases, while UFA decreases the risk \[[@CR6]--[@CR11]\]. For example, C12:0, C14:0 and C16:0 have adverse effects on lower-density lipoprotein cholesterol, that is a risk factor for cardiovascular diseases \[[@CR10]\], and substituting n-6 and n-3 polyunsaturated fatty acids for SFAs decreases cardiovascular diseases morbidity and mortality \[[@CR11]\]. Fatty acids are regulated by a huge network of genes encoding transcription and translational regulators in living organisms \[[@CR12]\], and the heritability of SFA (0.14 \~ 0.33) and UFA (0.08 \~ 0.29) have been reported \[[@CR13]--[@CR17]\].

In dairy cattle, some promising candidate genes and QTL regions for milk fatty acids have been identified in previous Genome-wide association studies (GWASs), such as fatty acid synthase (*FASN*; on BTA19), diacylglycerol O-acyltransferase 1 (*DGAT1*; BTA14), stearoyl-CoA desaturase (*SCD*; on BTA26), 22,833,168 bp to 26,284,743 bp on BTA9 and 1,588,879 bp to 2,764,862 bp on BTA14 \[[@CR18]--[@CR23]\]. Our previous GWAS \[[@CR23]\] discovered 83 genome-wide significant single nucleotide polymorphisms (SNPs) and 314 suggestive significant SNPs associated with milk fatty acids in Chinese Holstein cows, in which, one SNP, BTB-01077939 for C10:0 (*P* = 0.000014) and C14 index (*P* = 0.000014), was located within the protein kinase, cGMP-dependent, type І (*PRKG1*) gene, and the other SNP, BTA-11275-no-rs for C12:0 (*P* = 0.000024), was close to the *PRKG1* gene with a distance of 0.85 Mb. In addition, Li et al. reported that a QTL region (1.00 Mbp \~ 27.94 Mbp) on BTA26 is significantly associated with milk fatty acids by performing a joint GWAS based on Chinese and Danish Holstein populations \[[@CR24]\]. *PRKG1* gene is located on BTA26 (6,901,760 \~ 8,343,635 bp) spanning about 1442 kb and includes 20 exons. It regulates the lipolysis in adipocytes to release fatty acids and glycerol by the hydrolysis of triacyglycerol. It was reported that *PRKG1* gene was involved in cGMP-PKG signaling pathway to inhibit rat brown adipocyte proliferation \[[@CR25]\]. To date, no study has reported the associations of *PRKG1* gene with milk fatty acids in dairy cattle. Hence, the objective of this study was to detect whether the *PRKG1* gene had effects on milk fatty acids. We herein searched potential SNPs in *PRKG1* gene, and examined associations of the identified SNPs with 24 traits in Chinese Holstein cows. Further, we verified the impact of one regulatory SNP on transcriptional activity of *PRKG1* with dual-luciferase assay.

Results {#Sec2}
=======

SNPs identification {#Sec3}
-------------------

By screening the entire coding region and 5′ and 3′ flanking regions, we identified six SNPs (Table [1](#Tab1){ref-type="table"}) in *PRKG1* gene, including g.8344262A \> T in 5′ flanking region, g.6904047G \> T, g.6903810G \> A, g.6903365C \> A and g.6902878 T \> G in 3′ untranslated region (UTR), and g.6901713 T \> G in 3′ flanking region. The genotypic and allele frequencies of the six SNPs in *PRKG1* gene were shown in Table [1](#Tab1){ref-type="table"}.Table 1Detailed information of six SNPs identified in *PRKG1* geneSNP nameLocationPosition (UMD 3.1.1)GenBank no.GenotypeNO.FrequencyAlleleFrequencyg.8344262A \> T5′ flanking regionChr26:8344262rs109571301AA5080.4824A0.6876AT4320.4103T0.3124TT1130.1073g.6904047G \> T3′ UTRChr26:6904047rs478962267GG5000.6729G0.8203GT2190.2948T0.1797TT240.0323g.6903810G \> A3′ UTRChr26:6903810rs444193880AA230.0219A0.1237AG2140.2036G0.8763GG8140.7745g.6903365C \> A3′ UTRChr26:6903365rs42630538AA1160.1950A0.2504CC4130.6941C0.7496CA660.1109g.6902878 T \> G3′ UTRChr26:6902878rs136888798GG2210.3778G0.3812GT40.0068T0.6188TT3600.6154g.6901713 T \> G3′ flanking regionChr26:6901713rs381717383GG300.0286G0.1778GT3130.2984T0.8222TT7060.6730Note: *UTR* Untranslated region

Associations between SNPs/haplotype blocks and 24 milk fatty acids {#Sec4}
------------------------------------------------------------------

Genetic associations (significant associations with *P* \< 0.0001 \~ 0.0035) of six SNPs were detected for 24 milk fatty acids, and the results were shown in Table [2](#Tab2){ref-type="table"}. The g.8344262A \> T was significantly associated with C10:0, C18:1cis-9 and total index. The g.6904047G \> T was significantly associated with C17:1 and C17 index. The g.6903810G \> A was significantly associated with C8:0, C20:0 and total index. The g.6903365C \> A was significantly associated with C6:0, C8:0 and C20:0. The g.6902878 T \> G was significantly associated with C6:0, C8:0 and C17:1. The g.6901713 T \> G was significantly associated with C6:0, C8:0, C10:0, C17:1, C14 index and C17 index. In addition, as shown in Table [3](#Tab3){ref-type="table"}, the significant dominant (a), additive (d) and allele substitution (α) effects of these six SNPs for C6:0, C8:0, C10:0, C12:0, C14:0, C14:1, C16:0, C16:1, C17:1, C18:1cis-9, C18 index, C20:0, C14 index, C16 index, C17 index, SFA, UFA, SFA/UFA and total index were presented in Table [3](#Tab3){ref-type="table"} (*P* \< 0.05).Table 2Associations of six SNPs in *PRKG1* gene with milk fatty acid traits (LSM ± SE)SNPGenotype (No.)C6:0 (%)C8:0 (%)C10:0 (%)C11:0 (%)C12:0 (%)C13:0 (%)C14:0 (%)C14:1 (%)C15:0 (%)C16:0 (%)C16:1 (%)C17:0 (%) g.8344262A \> TAA(424--459)0.4901 ± 0.01220.9658 ± 0.01072.8472 ± 0.0321^Aa^0.0577 ± 0.00232.9861 ± 0.04180.0988 ± 0.002810.2891 ± 0.07020.6447 ± 0.01800.9972 ± 0.012234.7950 ± 0.17711.3324 ± 0.0248^ab^0.5664 ± 0.0031AT(259--393)0.4735 ± 0.01250.9467 ± 0.01092.7685 ± 0.0332^Bb^0.0581 ± 0.00252.9584 ± 0.04230.0991 ± 0.003010.1625 ± 0.07160.6598 ± 0.01870.9947 ± 0.012734.7954 ± 0.18221.3529 ± 0.0257^a^0.5714 ± 0.0032TT(96--104)0.4769 ± 0.01740.9366 ± 0.01502.8580 ± 0.0438^ABa^0.0559 ± 0.00352.9889 ± 0.05720.0965 ± 0.004710.3280 ± 0.09510.6555 ± 0.02710.9880 ± 0.018834.9466 ± 0.25661.2643 ± 0.0356^b^0.5709 ± 0.0047*P*0.24050.01770.0012^\*\*^0.81240.63850.86150.02970.63910.87330.79830.02950.1829 g.6904047G \> TGG(420--458)0.4580 ± 0.01330.9292 ± 0.01192.8354 ± 0.03500.0580 ± 0.00263.0006 ± 0.04490.0988 ± 0.003210.2605 ± 0.0777^a^0.6579 ± 0.01990.9950 ± 0.013334.8344 ± 0.19231.2995 ± 0.0272^a^0.5621 ± 0.0034GT(179--196)0.4682 ± 0.01550.9361 ± 0.01312.8250 ± 0.03940.0584 ± 0.00302.9910 ± 0.05020.0987 ± 0.003910.0941 ± 0.0865^b^0.6642 ± 0.02291.0011 ± 0.015934.9128 ± 0.22251.3677 ± 0.0312^b^0.5678 ± 0.0040TT(21--24)0.5161 ± 0.03160.8947 ± 0.02582.8551 ± 0.07270.0538 ± 0.00643.0339 ± 0.09740.0947 ± 0.008510.1180 ± 0.1720^ab^0.6469 ± 0.04890.9967 ± 0.034634.7830 ± 0.45811.3050 ± 0.0656^ab^0.5592 ± 0.0085*P*0.14530.24660.88120.77510.89350.88460.03770.91450.90960.90030.03040.2151 g.6903810G \> AAA(17--21)0.5425 ± 0.03471.0524 ± 0.0269^A^2.7307 ± 0.07800.0547 ± 0.00702.8806 ± 0.10400.0922 ± 0.009610.3798 ± 0.18080.6550 ± 0.05230.9345 ± 0.036634.3377 ± 0.49631.2467 ± 0.06770.5534 ± 0.0091AG(179--191)0.4720 ± 0.01460.9352 ± 0.0127^B^2.7669 ± 0.03730.0580 ± 0.00292.9549 ± 0.04840.0977 ± 0.003710.2389 ± 0.08200.6663 ± 0.02251.0024 ± 0.015334.8727 ± 0.21591.3247 ± 0.03010.5686 ± 0.0039GG(681--741)0.4849 ± 0.01140.9418 ± 0.0102^B^2.8293 ± 0.03090.0592 ± 0.00223.0072 ± 0.03930.1001 ± 0.002610.2294 ± 0.06640.6561 ± 0.01690.9969 ± 0.011434.7215 ± 0.16591.3250 ± 0.02330.5674 ± 0.0029*P*0.1040\<.0001^\*\*^0.04640.74110.19440.60190.68680.86970.18310.47410.49030.2478 g.6903365C \> AAA(93--107)0.4439 ± 0.0206^Aa^0.9343 ± 0.0169^A^2.8432 ± 0.04890.0586 ± 0.00413.0238 ± 0.06350.1018 ± 0.005310.4947 ± 0.11010.6549 ± 0.03051.0037 ± 0.021134.7232 ± 0.28941.2476 ± 0.04100.5653 ± 0.0053CC(361--381)0.5229 ± 0.0138^Bb^0.9924 ± 0.0122^B^2.8967 ± 0.03670.0592 ± 0.00273.0341 ± 0.04710.0997 ± 0.003310.3851 ± 0.07990.6661 ± 0.02060.9927 ± 0.014034.9631 ± 0.20041.3330 ± 0.02830.5662 ± 0.0035CA(49--55)0.4626 ± 0.0240^ABa^0.9379 ± 0.0196^A^2.8406 ± 0.05660.0576 ± 0.00482.9559 ± 0.07450.1039 ± 0.006310.1970 ± 0.12780.6478 ± 0.03650.9746 ± 0.025434.2494 ± 0.35141.2822 ± 0.04880.5598 ± 0.0063*P*\<.0001^\*\*^\<.0001^\*\*^0.29800.94150.50680.76470.09580.83360.60520.08750.05690.5867 g.6902878 T \> GGG(189--202)0.4323 ± 0.0169^A^0.9624 ± 0.0144^Aa^2.8052 ± 0.04230.0559 ± 0.00332.9744 ± 0.05500.0973 ± 0.004210.1691 ± 0.0957^a^0.6547 ± 0.02520.9966 ± 0.017234.7964 ± 0.24331.3831 ± 0.03410.5667 ± 0.0044GT(2)0.7892 ± 0.0983^B^1.3588 ± 0.0820^B^3.1626 ± 0.23480.0560 ± 0.02123.0685 ± 0.31320.0971 ± 0.028811.5294 ± 0.5289^b^0.5671 ± 0.16270.9937 ± 0.113534.7693 ± 1.50911.1787 ± 0.20880.5358 ± 0.0283TT(306--334)0.4942 ± 0.0161^C^0.9916 ± 0.0137^Ab^2.8670 ± 0.04090.0595 ± 0.00323.0380 ± 0.05270.1015 ± 0.004010.2332 ± 0.0918^a^0.6368 ± 0.02431.0049 ± 0.016634.8385 ± 0.23251.3627 ± 0.03260.5671 ± 0.0042*P*\<.0001^\*\*^\<.0001^\*\*^0.04260.42740.28750.55020.02490.61940.85250.97680.47880.5390 g.6901713 T \> GGG(21--27)0.5161 ± 0.0328^AB^1.0577 ± 0.0246^A^2.8817 ± 0.0710^AB^0.0539 ± 0.00642.8762 ± 0.09280.1008 ± 0.008310.0821 ± 0.1607^ab^0.5555 ± 0.04740.9906 ± 0.033334.1191 ± 0.44511.3422 ± 0.06170.5699 ± 0.0083GT(266--289)0.4958 ± 0.0132^A^0.9797 ± 0.0116^B^2.9305 ± 0.0345^A^0.0579 ± 0.00263.0584 ± 0.04480.1000 ± 0.003310.3430 ± 0.0756^a^0.6518 ± 0.02010.9971 ± 0.013734.8534 ± 0.19561.3099 ± 0.02730.5649 ± 0.0035TT(591--637)0.4628 ± 0.0116^B^0.9230 ± 0.0103^C^2.8342 ± 0.0310^B^0.0579 ± 0.00233.0024 ± 0.03970.0982 ± 0.002710.1984 ± 0.0673^b^0.6604 ± 0.01710.9930 ± 0.011534.9830 ± 0.16821.3285 ± 0.02370.5711 ± 0.0030*P*0.0029^\*^\<.0001^\*\*^0.0004^\*\*^0.80830.05450.80970.01810.07340.93570.10820.64930.1080SNPGenotype (No.)C17:1 (%)C18:0 (%)C18:1cis-9 (%)C18index (%)C20:0 (%)C14index (%)C16index (%)C17index (%)SFA (%)UFA (%)SFA/UFA (%)Total index (%) g.8344262A \> TAA(374--460)0.1906 ± 0.0025^a^14.0884 ± 0.086418.9343 ± 0.1167^a^56.9012 ± 0.2735^ab^0.1685 ± 0.00176.0733 ± 0.13843.6217 ± 0.0636^AB^24.8838 ± 0.2156^a^68.1683 ± 0.161730.2498 ± 0.14622.2891 ± 0.021227.5332 ± 0.1278^A^AT(331--393)0.1957 ± 0.0026^b^14.0342 ± 0.090719.2495 ± 0.1212^b^57.3243 ± 0.2805^a^0.1706 ± 0.00176.2370 ± 0.14353.6885 ± 0.0659^A^24.9935 ± 0.2245^a^67.9305 ± 0.167130.4415 ± 0.15202.2709 ± 0.022127.9090 ± 0.1313^B^TT(82--104)0.1889 ± 0.0036^ab^14.2026 ± 0.138118.7636 ± 0.1828^a^56.3603 ± 0.4109^b^0.1699 ± 0.00276.1182 ± 0.20453.4344 ± 0.0913^B^24.1599 ± 0.3177^b^68.4212 ± 0.246929.9512 ± 0.22432.3224 ± 0.032927.1715 ± 0.1948^A^*P*0.02180.44690.0031^\*^0.03230.39600.37040.01010.01540.07700.06280.2492\<.0001^\*\*^ g.6904047G \> TGG(382--459)0.1909 ± 0.0027^Aa^14.0083 ± 0.095219.0595 ± 0.129557.3442 ± 0.29940.1668 ± 0.0020^a^6.2722 ± 0.15173.6249 ± 0.069824.9868 ± 0.2379^A^68.0210 ± 0.177130.3843 ± 0.16112.2734 ± 0.023227.7337 ± 0.1392GT(173--196)0.1951 ± 0.0031^ABa^14.0877 ± 0.114719.0396 ± 0.151956.9780 ± 0.34900.1718 ± 0.0023^b^6.3520 ± 0.17783.7536 ± 0.079825.1566 ± 0.2723^A^68.1127 ± 0.210230.3983 ± 0.18872.2768 ± 0.027527.7040 ± 0.1642TT(22--24)0.2129 ± 0.0064^Bb^14.2950 ± 0.250118.9209 ± 0.333056.8847 ± 0.73890.1642 ± 0.0045^ab^6.0245 ± 0.37503.5526 ± 0.165026.8471 ± 0.5501^B^67.8471 ± 0.447630.4643 ± 0.41162.2507 ± 0.059827.7666 ± 0.3516*P*0.0010^\*\*^0.43000.91180.43830.01900.63210.10720.0021^\*^0.78900.97910.90990.9710 g.6903810G \> AAA(16--21)0.1852 ± 0.006814.2381 ± 0.271119.4313 ± 0.363757.8248 ± 0.81160.1630 ± 0.0053^AB^5.8672 ± 0.38613.5731 ± 0.170625.0782 ± 0.577967.6381 ± 0.492130.6643 ± 0.44762.1938 ± 0.063428.8024 ± 0.3790^Aa^AG(154--191)0.1907 ± 0.003014.2502 ± 0.111118.9316 ± 0.147756.9864 ± 0.33860.1751 ± 0.0021^A^6.1871 ± 0.16913.6361 ± 0.076824.9321 ± 0.261168.1679 ± 0.203330.2696 ± 0.18452.3059 ± 0.026627.4558 ± 0.1589^Bb^GG(622--743)0.1907 ± 0.002314.0972 ± 0.080019.1316 ± 0.107657.5775 ± 0.25080.1692 ± 0.0016^B^6.1143 ± 0.13133.6545 ± 0.060224.8228 ± 0.205867.8738 ± 0.148230.4623 ± 0.13522.2670 ± 0.019627.8031 ± 0.1169^ABc^*P*0.69650.30370.19620.11770.0027^\*^0.67190.86200.81070.20870.41950.10270.0006^\*\*^ g.6903365C \> AAA(86--107)0.1840 ± 0.004113.8722 ± 0.155019.4709 ± 0.2047^a^57.9027 ± 0.46770.1597 ± 0.0031^A^6.0759 ± 0.22983.4734 ± 0.104124.7990 ± 0.358867.7737 ± 0.280630.7073 ± 0.2542^a^2.2474 ± 0.036828.0306 ± 0.2207^a^CC(322--383)0.1898 ± 0.002814.0896 ± 0.100318.8996 ± 0.1348^b^57.0679 ± 0.30970.1652 ± 0.0020^AB^6.2036 ± 0.15993.6362 ± 0.072725.0637 ± 0.247568.2830 ± 0.184130.0458 ± 0.1674^b^2.3118 ± 0.024427.4913 ± 0.1448^b^CA(44--55)0.1908 ± 0.004914.0436 ± 0.184519.2701 ± 0.2468^ab^57.5534 ± 0.55020.1736 ± 0.0037^B^6.2137 ± 0.26643.5773 ± 0.123625.4468 ± 0.422167.8333 ± 0.333330.3655 ± 0.3056^ab^2.2236 ± 0.045128.0080 ± 0.2610^ab^*P*0.27090.35860.01030.14320.0032^\*^0.81930.21980.36870.09750.02210.04760.0114 g.6902878 T \> GGG(162--202)0.1990 ± 0.0034^a^14.1712 ± 0.125519.2493 ± 0.166857.8214 ± 0.38230.1723 ± 0.00256.2335 ± 0.19583.7811 ± 0.086725.7488 ± 0.292667.8664 ± 0.228830.4505 ± 0.20852.2678 ± 0.030327.9791 ± 0.1799GT(1--2)0.1396 ± 0.0210^b^15.1152 ± 0.849217.5963 ± 1.124155.1627 ± 2.46640.2174 ± 0.02054.6700 ± 1.16903.2808 ± 0.526822.3692 ± 1.789070.2243 ± 1.497027.7265 ± 1.37692.6772 ± 0.199225.8210 ± 1.1776TT(298--334)0.1937 ± 0.0033^a^13.9941 ± 0.120519.0195 ± 0.160357.8556 ± 0.36750.1697 ± 0.00246.0736 ± 0.18673.6985 ± 0.084225.3001 ± 0.288768.1192 ± 0.220330.2583 ± 0.19942.2932 ± 0.029127.8464 ± 0.1728*P*0.0035^\*^0.13680.10450.54840.03420.24920.32320.03180.13530.08440.08020.1353 g.6901713 T \> GGG(23--27)0.1820 ± 0.0064^AB^14.2657 ± 0.246519.3224 ± 0.333157.4973 ± 0.72180.1618 ± 0.00465.3282 ± 0.3472^a^3.6417 ± 0.159824.7738 ± 0.5396^AB^67.7758 ± 0.436130.6385 ± 0.40502.2379 ± 0.057928.0440 ± 0.3424GT(241--289)0.1866 ± 0.0027^A^14.0054 ± 0.097718.9266 ± 0.130657.1601 ± 0.30310.1707 ± 0.00196.0394 ± 0.1533^ab^3.6135 ± 0.070224.4844 ± 0.2400^A^68.2066 ± 0.180530.1259 ± 0.16382.2896 ± 0.024027.4588 ± 0.1422TT(524--639)0.1960 ± 0.0024^B^14.1040 ± 0.081819.1405 ± 0.110557.1691 ± 0.25700.1715 ± 0.00166.2935 ± 0.1335^b^3.6568 ± 0.060925.1479 ± 0.2074^B^68.0575 ± 0.152430.3322 ± 0.13872.2695 ± 0.020127.7208 ± 0.1193*P*\<.0001^\*\*^0.37930.13100.89210.09250.0034^\*^0.73000.0019^\*^0.45930.21620.49360.0446Note: *LSM* least square mean, *SE* standard error. *P* indicates the significances of the association analysis between each SNP and milk fatty acid traits. *P* is the raw value. \*: *P* \< 0.0083 (the significant association analysis after multiple testing, 0.05/N). ^\*\*^: *P* \< 0.0017 (the significant association analysis after multiple testing, 0.01/N). N is the number of SNPs. Different letter (small letters: *P* \< 0.05; capital letters: *P* \< 0.01) superscripts indicate significant differences among the genotypes. The number in the brackets represents the number of cows for the corresponding genotypeTable 3Additive (a), dominant (d) and substitution (α) effects of six SNPs on milk fatty acid traitsSNPGenotypeC6:0C8:0C10:0C11:0C12:0C13:0C14:0C14:1C15:0C16:0C16:1C17:0 g.8344262A \> Ta0.00660.0146^\*^−0.00540.0009− 0.00140.0011− 0.0195− 0.00540.0046− 0.07580.0341^\*^− 0.0022d−0.0100− 0.0046− 0.0842^\*\*^0.0013− 0.02910.0014− 0.1461^\*^0.00970.0021− 0.07540.0546^\*^0.0027α0.01030.0163^\*\*^0.02590.00040.00940.00060.0344−0.0090.0038−0.04800.0136− 0.0032 g.6904047G \> Ta−0.02910.0172−0.00980.0021−0.01670.00210.07120.0055−0.00090.0257−0.00270.0015d−0.01890.0241− 0.02030.0025−0.02620.0020−0.09520.01190.00520.10410.06550.0072α−0.01690.00190.00320.000500.00080.1327^\*^−0.0021− 0.0042− 0.0408−0.0449^\*^− 0.0031 g.6903810G \> Aa0.02880.0553^\*\*^−0.0493− 0.0022− 0.0633−0.00390.0752−0.0005− 0.0312− 0.1919− 0.0391−0.007d−0.0417^\*^− 0.0620^\*\*^− 0.01320.00100.01090.0016−0.06570.01080.03670.34310.03880.0083α−0.00280.0087−0.0593^\*^− 0.0015− 0.0551− 0.00280.02550.0076− 0.00350.0686− 0.0099− 0.0007 g.6903365C \> Aa− 0.0094− 0.00180.00130.00050.0340−0.00100.1488^\*^0.00360.01460.2369−0.01730.0027d0.0697^\*\*^0.0564^\*\*^0.05480.00110.0443−0.00320.03920.01470.00350.4768^\*^0.0681^\*^0.0037α−0.0465^\*\*^− 0.0305^\*\*^− 0.0264−0.00010.01140.00060.1288−0.00390.0128−0.0068−0.05140.0009 g.6902878 T \> Ga−0.0309^\*\*^−0.0146^\*\*^− 0.0309^\*^−0.0018− 0.0318− 0.0021− 0.03210.0089− 0.0042− 0.02110.0102−0.0002d0.3259^\*\*^0.3817^\*\*^0.3265−0.00180.0623−0.00231.3282^\*^−0.0786− 0.0071− 0.0482− 0.1943− 0.0311α0.04580.0786^\*\*^0.0492−0.0022−0.0168− 0.00260.2943^\*^− 0.0105− 0.0059− 0.0333−0.0372− 0.0078 g.6901713 T \> Ga0.02670.0674^\*\*^0.0237−0.0020− 0.06310.0013−0.0582− 0.0524^\*^− 0.0012− 0.4319^\*^0.0069− 0.0006d0.0063−0.01060.07260.00190.1192^\*^0.00050.2028^\*^0.04390.00520.3023−0.0254− 0.0056α0.0308^\*\*^0.0606^\*\*^0.0703^\*\*^−0.00080.01320.00160.0710−0.02440.0022−0.2381− 0.0094− 0.0042SNPGenotypeC17:1C18:0C18:1cis-9C18 indexC20:0C14 indexC16 indexC17 indexSFAUFASFA/UFATotal index g.8344262A \> Ta0.0009−0.05710.08530.2704− 0.0007− 0.02240.0937^\*^0.3620^\*^− 0.12650.1493−0.01670.1808d0.0059^\*\*^−0.11130.4005^\*\*^0.6935^\*\*^0.00140.14120.1605^\*\*^0.4716^\*^−0.3642^\*^0.3410^\*^−0.03480.5566^\*\*^α−0.0013−0.0154− 0.06330.5280^\*^− 0.0012−0.07480.03330.18640.00890.0224−0.0037−0.0262 g.6904047G \> Ta−0.0110^\*\*^−0.14330.06930.22980.00130.12390.0362−0.9301^\*\*^0.0869−0.04000.0114−0.0164d−0.0068−0.06390.0494−0.13650.0063^\*^0.20370.1649−0.7603^\*^0.1787−0.02600.0147−0.0462α−0.0067^\*\*^−0.10230.03780.1424−0.0026−0.0076− 0.0700−0.4462^\*^− 0.0276−0.02340.00200.0132 g.6903810G \> Aa−0.00280.07050.14980.1237−0.0031−0.1235− 0.04080.1277− 0.11790.1010− 0.03660.4996^\*\*^d0.00280.0826−0.3499−0.71470.0090^\*\*^0.19630.0223−0.01840.4120−0.29370.0755^\*^−0.8470^\*\*^α−0.00070.1328−0.11510.66530.0038^\*^0.0250−0.02390.11380.1943−0.12140.0204−0.1407 g.6903365C \> Aa−0.0034−0.08570.10040.1746−0.0069^\*\*^−0.0689− 0.0520−0.3239− 0.02980.17090.01190.0113d0.00240.1317−0.4709^\*\*^−0.6601− 0.00140.05880.1108−0.05920.4795^\*^−0.4906^\*^0.0763^\*^−0.5279^\*\*^α−0.0046−0.15240.3397^\*^0.5108−0.0062^\*\*^−0.0986− 0.1073−0.2936− 0.27360.4202^\*^− 0.02690.2786 g.6902878 T \> Ga0.00270.08850.1149−0.01710.00130.07990.04130.2243−0.12640.0961−0.01270.0664d−0.0568^\*\*^1.0326−1.5381−2.67580.0463^\*^−1.4836−0.4590−3.15532.2315−2.62790.3967^\*^−2.0918α−0.0111^\*^0.3384−0.26030.63940.0150^\*^−0.2903−0.0694− 0.52860.4180− 0.54870.0854− 0.4469 g.6901713 T \> Ga−0.0070^\*^0.08080.09100.1641−0.0049^\*^−0.4826^\*\*^− 0.0075−0.1871− 0.14090.1532− 0.01580.1616d−0.0023−0.1794− 0.3048−0.17310.00410.2286−0.0357−0.47650.2900−0.35940.0359−0.4236^\*^α−0.0085^\*\*^−0.0339− 0.10480.2749− 0.0023−0.3369^\*\*^− 0.0304−0.4950^\*\*^0.0448−0.07720.0072−0.1098Note: ^\*^: *P* \< 0.05. ^\*\*^: *P* \< 0.01

With the Haploview 4.1, we found a haplotype block (Fig. [1](#Fig1){ref-type="fig"}) formed by two SNPs, g.6904047G \> T and g.6903810G \> A. The haplotype block included haplotypes GG, GT and AG with their frequencies of 67.70, 20.00 and 12.30%, respectively. The haplotype-based association analysis (Table [4](#Tab4){ref-type="table"}) showed that the haplotype block had significant associations with C8:0, C10:0, C16:1, C17:1, C20:0 and C16 index (*P* \< 0.0001 \~ 0.0123).Fig. 1Linkage disequilibrium (LD) among the six SNPs of *PRKG1* gene. r^2^ is the correlation coefficient between the two lociTable 4Associations of haplotype block with milk fatty acid traits (LSM ± SE)Haplotype combination (No.)C6:0 (%)C8:0 (%)C10:0 (%)C11:0 (%)C12:0 (%)C13:0 (%)C14:0 (%)C14:1 (%)C15:0 (%)C16:0 (%)C16:1 (%)C17:0 (%) H1H1(425--460)0.4728 ± 0.01270.9386 ± 0.0113^A^2.8469 ± 0.0338^A^0.05885 ± 0.00253.0339 ± 0.04290.1004 ± 0.003010.2692 ± 0.07300.6462 ± 0.01880.9876 ± 0.012834.6121 ± 0.18591.2967 ± 0.0259^A^0.5629 ± 0.0033 H1H2(222--241)0.4565 ± 0.01410.9001 ± 0.0123^B^2.7865 ± 0.0366^AB^0.05977 ± 0.00283.0170 ± 0.04740.0988 ± 0.003510.2383 ± 0.08080.6505 ± 0.02161.0003 ± 0.014734.9404 ± 0.20851.3750 ± 0.0291^B^0.5701 ± 0.0037 H1H3(131--141)0.4566 ± 0.01640.8898 ± 0.0141^B^2.7124 ± 0.0412^B^0.05754 ± 0.00332.9655 ± 0.05390.0974 ± 0.004210.2915 ± 0.09010.6679 ± 0.02540.9995 ± 0.017335.0372 ± 0.24131.3139 ± 0.0334^AB^0.5663 ± 0.0043 *P*0.2858\<.0001^\*\*^0.0001^\*\*^0.80510.30270.73960.80470.64990.56410.05620.0064^\*\*^0.0921Haplotype combination (No.)C17:1 (%)C18:0 (%)C18:1cis-9 (%)C18 index (%)C20:0 (%)C14 index (%)C16 index (%)C17 index (%)SFA (%)UFA (%)SFA/UFA (%)Total index (%) H1H1(381--461)0.1861 ± 0.0026^A^14.0115 ± 0.091419.2062 ± 0.121957.4640 ± 0.28360.1665 ± 0.0018^A^6.0911 ± 0.14463.5441 ± 0.0670^A^24.6053 ± 0.229167.9358 ± 0.168230.4681 ± 0.15292.2795 ± 0.022327.6825 ± 0.1325 H1H2(204--241)0.1944 ± 0.0029^B^14.1742 ± 0.105119.1667 ± 0.141357.0101 ± 0.32240.1739 ± 0.0020^B^6.2607 ± 0.16633.7273 ± 0.0743^B^24.9757 ± 0.252068.1710 ± 0.192530.3413 ± 0.17602.2958 ± 0.025727.5723 ± 0.1512 H1H3(111--141)0.1894 ± 0.0034^AB^14.1604 ± 0.125619.0181 ± 0.168456.9894 ± 0.37970.1748 ± 0.0025^B^6.2861 ± 0.18723.5797 ± 0.0862^AB^24.9042 ± 0.289568.1271 ± 0.227730.3420 ± 0.20882.3025 ± 0.030227.3473 ± 0.1793 *P*0.0037^\*\*^0.18690.49510.1820\<.0001^\*\*^0.32070.0123^\*^0.16880.34800.65930.63780.1307Note: *LSM* least square mean, *SE* standard error. *P* indicates the significances of the association analysis between the haplotype block and milk fatty acid traits. *P* is the raw value. ^\*^: *P* \< 0.05. ^\*\*^: *P* \< 0.01. Different letter (small letters: *P* \< 0.05; capital letters: *P* \< 0.01) superscripts indicate significant differences among the haplotype combinations. The number in the brackets represents the number of cows for the corresponding haplotype combination

Further, by estimating the LD among the SNPs of *PRKG1* and *SCD* genes with a distance of 12.79 Mbp, we did not found haplotype block between the two genes (Fig. [2](#Fig2){ref-type="fig"}), indicating that the significant effects of *PRKG1* gene on milk fatty acids were not induced by LD with *SCD* gene.Fig. 2Linkage disequilibrium (LD) among the SNPs of *PRKG1* and *SCD*. r^2^ is the correlation coefficient between the two loci

Change of transcriptional activity caused by g.8344262A \> T {#Sec5}
------------------------------------------------------------

We predicted the change of TFBS caused by the SNP in the 5′ flanking region of *PRKG1* gene using Genomatix software, and found that the allele T of g.8344262A \> T created a TFBS for GAGA-Box (GAGA).

To detect whether g.8344262A \> T changed the transcriptional activity of *PRKG1*, we synthesized two constructs with A and T of g.8344262A \> T, respectively (Fig. [3](#Fig3){ref-type="fig"}a). We measured the luciferases activities of firefly and renilla, and showed the results in Fig. [3](#Fig3){ref-type="fig"}b. Luciferase activities of the two constructs were significantly higher than that of the blank control (*P* ≤ 0.0005) and empty vector (PGL4.14; *P* ≤ 0.0006), suggesting that g.8344262A \> T might have the transcriptional activity. The allele T of g.8344262A \> T had significantly lower luciferase activity than the allele A (*P* = 0.0009), implying that g.8344262A \> T could alter the transcriptional activity of *PRKG1* gene.Fig. 3Dual-luciferase assay. **a** Sketches of recombinant plasmids with g.8344262A \> T in the 5′ flanking region of *PRKG1* gene. The nucleotides in red highlight referred to the SNP. **b** Luciferase assay analysis of the recombinant plasmids in HEK293 cells. Blank: Blank cells. PGL4.14: Empty vector. A and T: Plasmids of g.8344262A \> T. ^\*\*^: *P* \< 0.0005

Discussion {#Sec6}
==========

In our initial GWAS \[[@CR23]\], *PRKG1* was considered as one of the promising candidate gene on milk fatty acids in Chinese Holstein. It was also reported that *PRKG1* gene was associated with fatty acid composition in swine \[[@CR26]\], and the *PRKG1* knockout mice had lower triglyceride stores in the brown adipose tissue \[[@CR27]\]. Here, we first verified that *PRKG1* gene had significant effects on medium-chain saturated fatty acids in dairy cattle, especially C8:0.

*SCD* gene was also a promising candidate gene on BTA26 for milk fatty acids \[[@CR23]\], and its effects had been confirmed \[[@CR28]\]. In a joint GWAS based on Chinese and Danish Holstein populations, Li et al. also identified a significant QTL region for milk fatty acids (10.00 \~ 27.94 Mbp on BTA26), which included *SCD* and *PRKG1* \[[@CR24]\], and the *SCD* was in downstream of *PRKG1* with a distance of 12.79 Mbp. In this study, it was shown that no LD among the SNPs of *PRKG1* and *SCD* was observed, indicating that the effects of *PRKG1* on milk fatty acid traits were independent from *SCD*.

From the KEGG database, we found that *PRKG1* was involved in the cGMP-PKG signaling pathway (ko04022) and regulation of lipolysis in adipocytes (ko04923). In rat, cGMP signaling inhibited brown adipocyte proliferation and thereby promoted brown adipocyte differentiation \[[@CR25]\]. The brown adipose tissue from *PRKG1* knockout mice decreased triglyceride stores, suggesting an increase in the ratio of pre-adipocytes to adipocytes and fewer fully differentiated brown adipocytes \[[@CR27]\]. In swine, the RNA-Seq analysis identified that the *PRKG1* gene was the differentially-expressed in muscle between high and low groups for fatty acid composition traits \[[@CR29]\]. Considering the significant effect of *PRKG1* on milk fatty acid in the present study, we deduced that the gene might have important regulatory function for milk fatty acid metabolism in dairy cattle.

Gene expression is commonly controlled by TFs that are bound to specific sequence elements and the regular regions of the genome \[[@CR30], [@CR31]\]. TFBSs are the biding sites (BS) targeted by a DNA binding protein \[[@CR32]\], and its disruption is associated with phenotypic diversity \[[@CR33], [@CR34]\]. In this study, the allele T of g.8344262A \> T was predicted to create a BS for TF GAGA, and it significantly lowered the transcriptional activity of *PRKG1*. GAGA is a drosophila transcription factor involved in many nuclear activities, and can enhance transcription by stabilizing pre-initiation complex and promoting re-initiation \[[@CR35]\]. Interactions of GAGA-binding proteins with the GAGA of the *V1bR* promoter activate *V1bR* gene expression, and provide a potential mechanism for physiological regulation of *V1bR* transcription \[[@CR36]\]. The significant associations of g.8344262A \> T with milk fatty acids, and its impact on transcriptional activity of *PRKG1* gene, suggested that g.8344262A \> T might be a potentially causal mutation regulating the *PRKG1* expression by changing the BS for the TF GAGA to affect the formation of milk fatty acids in dairy cattle.

Conclusions {#Sec7}
===========

According to our previous GWAS, we considered *PRKG1* gene as a promising candidate for milk fatty acids in dairy cattle. In the present study, we further confirmed the effects of *PRKG1* on milk fatty acids, and showed that the gene mainly impact on medium-chain saturated fatty acid traits. In addition, we revealed that g.8344262A \> T might be a potentially causal mutation altering the transcriptional activity due to the change of a BS for TF GAGA. Our findings might be helpful for the marker-assisted selection in dairy cattle.

Methods {#Sec8}
=======

Animals and measures of milk fatty acids {#Sec9}
----------------------------------------

We used 1065 Chinese Holstein cows from 44 sire families with an average of 24 daughters per sire for the association analyses in this study. The cows were from 23 dairy farms of Sanyuanlvhe Dairy Farming Center (Beijing, China), a leading dairy company in China, where the standard performance testing for dairy herd improvement (DHI) has been regularly conducted since 1999, and all the cows were fed with the same regular total mixed ration (TMR) composed of concentrated feed and coarse fodder across all subordinate farms. From November to December of 2014, we collected 50 mL milk samples for each cow during 1 \~ 240 days of the first lactation.

Then, we used 2 mL milk samples to measure 16 milk fatty acids (C6:0, C8:0, C10:0, C11:0, C12:0, C13:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C14:1, C16:1, C17:1 and C18:1cis-9) with the gas chromatography described in the previous GWAS \[[@CR23]\] in Beijing Dairy Cattle Center ([www.bdcc.com.cn](http://www.bdcc.com.cn)). In addition, we calculated C14 index, C16 index, C17 index, C18 index and total index based on the formulas: $\documentclass[12pt]{minimal}
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                \begin{document}$$ \frac{\mathrm{cis}-9\ \mathrm{unsaturated}}{\mathrm{cis}-9\ \mathrm{unsaturated}+\mathrm{saturated}}\ast 100 $$\end{document}$ \[[@CR37]\], and summarized SFA, UFA, SFA/UFA.

SNP identification and genotyping {#Sec10}
---------------------------------

We extracted semen DNAs of 44 Holstein bulls who were sires of the above-mentioned cows using the salt-out procedure, and extracted blood DNAs of the 1065 Chinese Holstein cows with the TIANamp Blood DNA Kit (Tiangen, Beijing, China) according to the manufacturer's instructions. We measured the quantity and quality of extracted DNA using a NanoDrop™ ND-2000 Spectrophotometer (Thermo Scientific, Hudson, DE, USA) and 2% agarose gel electrophoresis, respectively.

Based on the genomic sequence of the bovine *PRKG1* (Gene ID: 282004), we designed 33 pairs of primers (Additional file [1](#MOESM1){ref-type="media"}: Table S1) corresponding the entire exons and 3000 bp of 5′ and 3′ flanking regions using the Primer 3.0 (<http://primer3.wi.mit.edu/>). The primers were synthesized in Beijing Genomics Institute (Beijing Genomic Institute, Beijing, China). We diluted the genomic DNA of each bull into the concentration of 50 ng/μL, and randomly pooled them into two equal pools (each pool included 22 sire DNAs). The final reaction volume of PCR included 2 μL genomic DNA, 1.25 μL each primer (10 mM), 12.5 μL Premix TaqTM (Takara, Dalian, China) and 8 μL DNase/RNase-Free Deionized Water (Tiangen, Beijing, China).The PCR amplifications for the pooled DNAs were performed, and the procedures were as follows: initial denaturation at 94 °C for 5 min, followed by 35 cycles of 30s at 94 °C, annealing at 60 °C for 30s, extension at 72 °C for 30s, and a final extension at 72 °C for 7 min. Then, we bidirectionally sequenced the PCR products by ABI3730xl DNA analyzer (Applied Biosystems, CA, USA), and aligned them with the bovine reference sequences (UMD 3.1.1) using BLAST (<https://blast.ncbi.nlm.nih.gov/Blast.cgi>) to search the potential SNPs.

For the SNPs identified in *PRKG1* gene, we used the matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS, Sequenom MassARRAY, Bioyong Technologies Inc. HK) to perform the genotyping for the 1065 Chinese Holstein cows.

Prediction of the transcription factor binding site (TFBS) {#Sec11}
----------------------------------------------------------

We used Genomatix software suite v3.9 (<http://www.genomatix.de/cgi-bin/welcome/welcome.pl?s=d1b5c9a9015b02bb3b1a806f9c03293f>) to predict the change of TFBS caused by the SNP g.8344262A \> T in 5′ flanking region of *PRKG1* gene. In the prediction, we input 30 bp of up/down-stream sequences of g.8344262A \> T, namely AGTTTAATATTTATGAAATGTCTCTCTCTC\[A\]CACACACACACACACACACTCACACGCACA and AGTTTAATATTTATGAAATGTCTCTCTCTC\[T\]CACACACACACACACACACTCACACGCACA, to research the different transcription factor (TF) bound for allele A and T.

Recombinant plasmid construction and luciferase assay {#Sec12}
-----------------------------------------------------

In this study, we used the luciferase assay to verify whether the SNP g.8344262A \> T changed the transcriptional activity of *PRKG1* gene. We synthesized (Genewiz, Suzhou, China) two fragments (Fig. [3](#Fig3){ref-type="fig"}a), A and T of g.8344262A \> T, including NheI and HindIII restriction sites at the 5′ to 3′ termini, respectively, and cloned them into the pGL4.14 Luciferase Assay Vector (Promega, Madison, USA). We sequenced these two plasmid constructs to confirm the integrity of the insertions. Then, we purified all the plasmids using the Endo-free Plasmid DNA Mini Kit II (OMEGA, omega bio-tek, Norcross, Georgia, USA).

We cultured Human Embryonic Kidney (HEK)-293 T cells in Dulbecco's modified Eagle's medium (DMEM; Gibco, Life Technologies, USA) containing 10% heat-inactivated fetal bovine serum (FBS; Gibco) at 5% CO~2~ and 37 °C. We seeded approximately 2 × 10^5^ cells per well in the 24-well plates, and then used Lipofectamine 2000 (Invitrogen, CA, USA) to transfect the cells according to the manufacturer's protocol. We transfected 500 ng constructed plasmid DNA along with 10 ng of pRL-TK renilla luciferase reporter vector (Promega) into each well. The experiments were conducted in three replicates for each construct.

We harvested the cells about 48 h after transfection, and measured the activities of firefly and renilla luciferases using a Dual-Luciferase Reporter Assay System (Promega, Madison, USA) on a Modulus microplate multimode reader (Turner Biosystems, CA, USA). We used the average statistics of three replicates as the normalized luciferase data (firefly/renilla).

Estimation of the linkage disequilibrium (LD) {#Sec13}
---------------------------------------------

We estimated the LD among the SNPs identified in *PRKG1* gene in this study using Haploview 4.1 (Broad Institute of MIT and Harvard, Cambridge, MA, USA), and identified the haplotype block. In the process, 95% confidence bounds on D' were generated and each comparison was called "strong LD", "inconclusive" or "strong recombination". If 95% of informative (i.e. non-inconclusive) comparisons were "strong LD", a block would be created \[[@CR38]\]. In addition, we used the r^2^ to represent the correlation coefficient between two loci.

We also performed LD analysis between 8 SNPs in *PRKG1* gene and 24 SNPs in *SCD* gene to detect whether the significant effects of *PRKG1* on milk fatty acids were caused by *SCD*. As the significant SNPs of the two genes identified in two previous studies (Additional file [2](#MOESM2){ref-type="media"}: Table S2) \[[@CR23], [@CR28]\] were not genotyped in this study, we herein used the database of 1000 Bull Genomes Project \[[@CR39]\] to estimate the LD between *PRKG1* and *SCD*. The database of 1000 Bull Genomes Project, including 1575 individuals involved in 48 breeds (Additional file [3](#MOESM3){ref-type="media"}: Table S3), was different from our population, while its worldwide correlation implied that the result could be as the indirect support for this study.

Association analysis {#Sec14}
--------------------

We analyzed the associations between each SNP/haplotype block and 24 milk fatty acids using SAS9.2 software (SAS INSTITUTE Inc., Cary, NC, USA) with the following mixed animal model:$$\documentclass[12pt]{minimal}
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                \begin{document}$$ \mathrm{Y}=\mathrm{mu}+\mathrm{herd}+\mathrm{lactation}\ \mathrm{stage}+\mathrm{b}\ast \mathrm{M}+\mathrm{G}+\mathrm{A}+\mathrm{e} $$\end{document}$$

For each fatty acid trait, Y is the phenotypic value; mu is the overall mean; herd is the fixed effect of farm; lactation stage is the fixed effect of stage of lactation; M is the fixed effect of calving month; b is the regression coefficient of covariate M; G is the fixed effect corresponding to the genotype or haplotype combination; A is the random polygenic effect that is distributed as N (0, **A** $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\sigma}_a^2 $$\end{document}$), in which, the numerator relationship matrix (**A**-matrix) was constructed by using Fortran95 code. Pedigree information of the genotyped animals was traced back for three generations. As a result, the total number of animals included in the analysis reaches 3335. In addition, e is the random residual, distributed as N (0, **I** $\documentclass[12pt]{minimal}
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                \begin{document}$$ {\sigma}_e^2 $$\end{document}$. The Bonferroni correction for multiple testing was performed based on the number of SNPs. The significant levels of the single SNPs after correction for multiple testing at *P* \< 0.05 and *P* \< 0.01 were 0.0083 and 0.0017, respectively. In addition, we calculated the additive effect (a), dominant effect (d), and substitution effect (α) using the following formulas \[[@CR40]\]: $\documentclass[12pt]{minimal}
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                \begin{document}$$ \alpha =\frac{AA- BB}{2},d= AB-\frac{AA+ BB}{2}, and\ \alpha =\alpha +d\left(q-p\right) $$\end{document}$. In which, AA, AB and BB are the least square means of fatty acid traits corresponding to the genotypes, and *p* and *q* are the frequencies of A and B, respectively. Here, the *P* values for significant effects were *P* \< 0.05 and *P* \< 0.01.
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Additional file 1:**Table S1.** PCR primer information of *PRKG1* gene. (XLSX 12 kb) Additional file 2:**Table S2.** Information of significant SNPs used for estimating the Linkage disequilibrium (LD) between *PRKG1* and *SCD*. (XLSX 10 kb) Additional file 3:**Table S3.** 48 breeds for 1575 individuals in the database of 1000 Bull Genomes Project. (XLSX 9 kb)
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α

:   Substitution effect
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